The antiretroviral restriction factor TRIM5 has recently emerged as an important mediator of innate immunity and species-specific inhibition of retroviral replication in mammals. Selection pressure from pathogenic infection has driven rapid evolution of TRIM5 genes, leading to the antiviral specificities we see today. Remarkably, the New World owl monkey (Aotus trivirgatus) encodes a TRIM5 protein in which the antiviral determinants in the B30.2 domain have been replaced by cyclophilin A (CypA) encoded by a retrotransposed cDNA. The owl monkey TRIMCyp protein restricts infection by a subset of lentiviruses that recruit CypA to their capsids, including HIV-1 and feline immunodeficiency virus. Here, we show that the Old World monkey, rhesus macaque (Macaca mulatta), also encodes a TRIMCyp protein that has arisen independently from that in owl monkeys. The rhesus TRIMCyp is encoded by a single, but common, allele (Mamu7) of the rhesus TRIM5 gene, among at least six further alleles that encode full-length TRIM5 proteins with no homology to CypA. The antiviral specificity of the rhesus TRIMCyp is distinct, restricting infection of HIV-2 and feline immunodeficiency virus but not HIV-1. Restriction by rhesus TRIMCyp is before reverse transcription and inhibited by blocking CypA binding, with cyclosporine A, or by mutation of the capsid CypA binding site. These observations suggest a mechanism of restriction that is conserved between TRIMCyp proteins. The lack of activity against HIV-1 suggests that Mamu7 homozygous animals will be null for TRIM5-mediated restriction of HIV-1 and could contribute to improved animal models for HIV/AIDS. cyclophilin ͉ lentivirus ͉ restriction ͉ TRIM5 ͉ zoonosis T RIM5 has recently been identified as a powerful restriction factor responsible for species-specific restriction of retroviral infectivity as part of the innate immune system (1-6). TRIM5 has a tripartite, or RBCC, motif consisting of RING, B Box 2, and coiled coil domains with the characteristic ordering and spacing that defines the TRIM family. Together with many other members of the TRIM family, TRIM5 has a C-terminal PRY/SPRY, or B30.2, domain. In the case of TRIM5, this domain defines antiviral specificity, probably by interacting directly with the incoming viral capsid (7-13). Antiretroviral TRIM5 variants have been described in primates, cattle, and rabbits (1-3, 14-16). These TRIM5 sequences form a monophyletic group, indicating that they are derived from a common ancestor that probably had antiviral properties (16). TRIM5 blocks retroviral infectivity by an incompletely characterized mechanism that involves the proteasome (6, 17, 18) and may involve capsid uncoating (13, 19) . In the New World owl monkey, the TRIM5 locus has been modified by insertion of a cyclophilin A (CypA) cDNA by retrotransposition into the seventh intron (20, 21), leading to the expression of a TRIM5 variant (TRIMCyp), in which CypA replaces the exon eight-encoded B30.2 domain. This change effectively replaces the antiviral specificity determinant, with CypA, leading to restriction of retroviruses that recruit CypA to their incoming capsid, including HIV-1, feline immunodeficiency virus (FIV), and simian immunodeficiency virus from Tantalus monkey (SIVtan) (20-23) .
T
RIM5 has recently been identified as a powerful restriction factor responsible for species-specific restriction of retroviral infectivity as part of the innate immune system (1) (2) (3) (4) (5) (6) . TRIM5 has a tripartite, or RBCC, motif consisting of RING, B Box 2, and coiled coil domains with the characteristic ordering and spacing that defines the TRIM family. Together with many other members of the TRIM family, TRIM5 has a C-terminal PRY/SPRY, or B30.2, domain. In the case of TRIM5, this domain defines antiviral specificity, probably by interacting directly with the incoming viral capsid (7) (8) (9) (10) (11) (12) (13) . Antiretroviral TRIM5 variants have been described in primates, cattle, and rabbits (1) (2) (3) (14) (15) (16) . These TRIM5 sequences form a monophyletic group, indicating that they are derived from a common ancestor that probably had antiviral properties (16) . TRIM5 blocks retroviral infectivity by an incompletely characterized mechanism that involves the proteasome (6, 17, 18) and may involve capsid uncoating (13, 19) . In the New World owl monkey, the TRIM5 locus has been modified by insertion of a cyclophilin A (CypA) cDNA by retrotransposition into the seventh intron (20, 21) , leading to the expression of a TRIM5 variant (TRIMCyp), in which CypA replaces the exon eight-encoded B30.2 domain. This change effectively replaces the antiviral specificity determinant, with CypA, leading to restriction of retroviruses that recruit CypA to their incoming capsid, including HIV-1, feline immunodeficiency virus (FIV), and simian immunodeficiency virus from Tantalus monkey (SIVtan) (20) (21) (22) (23) .
Here, we demonstrate that rhesus macaques also encode an antiviral TRIMCyp molecule that has evolved independently from that in owl monkeys. Convergent evolution is indicated by the two CypA sequences being in different positions in the owl monkey and rhesus TRIM5 loci. Furthermore, unlike the situation in owl monkeys, the rhesus TRIMCyp fusion is encoded by a single TRIM5 allele, among at least six further alleles that encode an intact B30.2 domain.
Results

Identification of a TRIMCyp in Rhesus Macaques.
The rhesus macaque TRIM5 gene has been demonstrated to be polymorphic, particularly within exon eight, which encodes the B30.2 domain and determines antiviral specificity (24) . This finding suggests balancing selection at the TRIM5 locus, under selective pressure from pathogenic retroviruses. We sought to further characterize the degree of polymorphism in rhesus macaques by sequencing exon eight from a cohort of rhesus macaques (Macaca mulatta), which revealed the existence of a TRIM5 allele that we named Macaca mulatta TRIM5 allele seven (Mamu7) (Fig. 1A) . Mamu7 has a frame shift in exon eight leading to a B30.2 domain that is truncated by 59 aa and a G to T mutation in the splice acceptor site at the end of the sixth intron that is likely to cause exon skipping (Fig. 1B) . Inspection of the rhesus genome sequence revealed CypA sequences downstream of TRIM5 (data not shown). Knowing that owl monkeys encode a TRIM5 protein with a CypA domain, encoded by a retrotransposed cDNA, in place of its B30.2 domain (20, 21), we sought an RNA transcript in rhesus cells in which the TRIM5 RBCC domain is fused to CypA by PCR. Remarkably, we were able to amplify a rhesus macaque TRIMCyp (rhTRIMCyp) cDNA from a rhesus macaque cell line heterozygous for Mamu7 and Mamu1 (LLC-MK2) by using primers specific to the RING and to CypA (Fig. 1C) . The sequence of the Mamu7 coding sequence from a homozygous rhesus macaque and LLC-MK2 cells were identical (data not shown). RhTRIMCyp and owl monkey TRIMCyp (omTRIMCyp) protein sequences are shown aligned (Fig. 1C) . The rhTRIMCyp protein is distinct from the owl monkey protein in that it is encoded by exons 2 to 6 of TRIM5 and a CypA sequence, which replaces exons seven and eight. The owl monkey protein is encoded by exons two to seven of TRIM5 and a CypA cDNA inserted into the owl monkey genome by retrotransposition (20, 21) . We then used genomic primers to PCR-amplify the CypA cDNA, and we sequenced it, thus revealing that it is in a different position than that in owl monkeys, indicating independent evolution of the two TRIMCyps. In owl monkeys, the CypA cDNA lies between exons seven and eight, whereas in the rhesus genome, the CypA cDNA is Ϸ900 nt downstream of the end of exon eight (Fig. 1D) . The Mamu7 CypA sequence has the features of a cDNA that has been reinserted into the genome by retrotransposition by an L1 line element, including target site duplication and a polyadenylation sequence (Fig. 1E) .
To examine the frequency of Mamu7 (TRIMCyp) in rhesus macaques, we PCR-amplified TRIM5 exon eight from DNA purified from 31 Indian and 38 Chinese Macaca mulatta. Fifteen of 31 Indian animals were heterozygous for Mamu7, and 1 was homozygous (Table 1) . Strikingly, we did not detect Mamu7 in any of the 38 Chinese macaques analyzed. A PCR screen using oligos directed against the genomic sequence either side of the CypA cDNA sequence was consistent with the exon eight sequencing data and revealed that the CypA insertion is unique to the Mamu7 allele (Fig. 1F) . It also 
Rhesus TRIMCyp Restricts HIV-2 and FIV but Not HIV-1, SIV from Macaques (SIVmac), Equine Infectious Anemia Virus (EIAV), or Murine Leukemia Virus (MLV).
To examine the restriction specificity of rhTRIMCyp, we expressed it in permissive feline CRFK cells, as described in ref. 23 . As a negative control we expressed empty vector, and as positive controls we expressed rhesus TRIM5␣ encoded by Mamu1 or omTRIMCyp. We then determined infectious titers of vesicular stomatitis virus (VSV)-G pseudotyped GFP-encoding retroviral vectors derived from HIV-1, HIV-2, FIV, SIVmac, MLV, and EIAV on pools of transduced cells, as well as on unmodified CRFK cells, as described in ref. 23 ( Fig. 2 ). Remarkably, rhTRIMCyp was able to strongly restrict retroviral infectivity but had a significantly different antiviral specificity from omTRIMCyp. RhTRIMCyp strongly restricted both HIV-2 and FIV but not HIV-1. OmTRIMCyp restricted HIV-1 and FIV, as has been described (20) (21) (22) . SIVmac, EIAV, and MLV were not restricted by either of the TRIMCyp proteins. Rhesus TRIM5␣ restricted HIV-1, HIV-2, FIV, and EIAV as has been described (1, 3, (24) (25) (26) . Expression levels of TRIM5␣, owl monkey TRIMCyp, and rhTRIMCyp were shown to be similar by Western blotting for the N-terminal HA tag (Fig. 2H ). ␤-Actin served as a loading control.
Overexpression of Rhesus TRIMCyp Inhibits Restriction by Rhesus
TRIM5␣. The fact that rhesus TRIM5␣ and TRIMCyp have different antiviral specificities suggests that each factor might have dominant negative activity against the other. To test this possibility, we transiently overexpressed rhTRIMCyp in rhesus FRhK4 cells, which are homozygous for Mamu1 ( Fig. 1 and data not shown). As a positive control, we expressed human TRIM34. We then tested the permissivity of the modified FRhK4 cells to HIV-1, HIV-2, or MLV-B vectors encoding GFP (Fig. 3) . Expression of RhTRIMCyp was strongly dominant negative against the antiviral activity of rhesus TRIM5␣ against HIV-1 (Fig. 3A) . HIV-2 infectivity was slightly reduced by TRIMCyp expression, presumably because it is sensitive to both factors (Fig. 3B) . Expression of human TRIM34 also was strongly dominant negative against rhesus TRIM5␣, rescuing infectivity of HIV-1 and HIV-2. Infectivity of unrestricted MLV-B remained unaffected by expression of rhTRIMCyp, TRIM5␣, or TRIM34 (Fig. 3C ). These data suggest that, when overexpressed, TRIMCyp forms heteromultimers with endogenous TRIM5␣ that cannot restrict HIV-1. Exogenous expression of TRIM5␣ (Mamu1) reduced infectivity of both HIV-1 and HIV-2, as expected. Viral stocks encoding rhTRIMCyp, TRIM5␣, and TRIM34 were equalized by measuring provirus copy number in infected cells by quantitative PCR (Q-PCR) as described in ref. 27 (data not shown). Expression levels of expressed TRIM34, TRIM5␣, and rhTRIMCyp proteins were similar, as shown by Western blot analysis (Fig. 3D) . The phenomenon of dominant negative activity of TRIM5-related proteins, on overexpression, has been described for related TRIMs (23) and deleted TRIM5 (7) and natural shorter splice variants of TRIM5 itself, TRIM5␥ or -␦ (1, 28). We presume that the dominant negative activity is caused by overexpression and that at endogenous levels both factors are likely to restrict in a codominant way. This finding is true for the murine restriction factor Fv1, which is codominant in the mouse (29), but dominant negative when overexpressed in homozygous cell lines in experiments similar to those described here (30) . Titers are expressed as infectious units/ml (IU/ml) determined as described (Fig. 2) . Errors are standard deviations derived from triplicate experiments and are representative of at least two experiments using independent viral stocks. (D) Parallel infections were harvested at 48 h, and TRIM protein expression was determined by Western blotting analysis for the N-terminal HA tag.
with CSA specifically rescued HIV-2 or FIV infectivity when restricted by rhTRIMCyp but not when restricted by rhesus TRIM5␣ (Fig. 4 A and B) . HIV-2 infectivity is completely rescued by CSA and FIV infectivity is rescued specifically, although not completely. Titration of CSA up to 15 M indicated that even high concentrations of CSA did not completely rescue FIV infectivity (data not shown). We interpret these observations as showing that, like owl monkey TRIMCyp, rhTRIMCyp restricts virus via recruitment of the CypA domain to the viral capsid. Previous work has shown that, unlike HIV-1, HIV-2 does not recruit CypA into viral particles (32) . However, HIV-2 does have a conserved glycine-proline motif homologous to the CypA binding motif of HIV-1. To test whether this motif is responsible for sensitivity to rhTRIMCyp, we used an HIV-2 in which this motif has been mutated to a sequence that does not recruit CypA in the context of HIV-1 (HIV-2 capsid G87A). In fact, HIV-2 capsid G87A was insensitive to rhTRIMCyp (Fig. 4C) , suggesting that this motif recruits rhTRIMCyp. Importantly, HIV-2 G87A remains restricted by rhesus TRIM5␣ (Fig. 4B ). An FIV capsid mutant capsid P90A has been described as being insensitive to restriction by omTRIMCyp, suggesting that the CypA domain is recruited to this proline (33) . However, in our hands, this mutant is three to four orders of magnitude less infectious than the wild-type virus, making it difficult to test whether it is sensitive to rhTRIMCyp (data not shown).
Rhesus TRIMCyp Blocks Restricted Viral Reverse Transcription in a
Proteasome-Dependent Way. Both TRIM5␣ and omTRIMCyp strongly block retroviral DNA synthesis in most cases of restricted infectivity. Moreover, restricted viral DNA synthesis, but not infectivity, is rescued by inhibition of the proteasome (17, 18) , which suggests that restricted virions are rapidly degraded by the proteasome, before they can reverse-transcribe, but that the proteasome is not required for the block to infectivity. We examined whether restriction by rhTRIMCyp conserves these features. We infected CRFK cells expressing rhTRIMCyp with HIV-2 or FIV in the presence and absence of proteasome inhibitor and measured infection, or DNA synthesis, in parallel samples (Fig. 5) . The results show that rhTRIMCyp causes a strong block to HIV-2 and FIV infectivity and DNA synthesis. We note that, as is often the case, the block to infectivity is greater than the block to DNA synthesis, suggesting that some restricted virions are able to reversetranscribe. Importantly, DNA synthesis, but not infectivity, of rhTRIMCyp-restricted virus is rescued by inhibition of the proteasome. These observations are similar to those reported for restriction of HIV-1 by rhesus TRIM5␣ and omTRIMCyp (17, 18) . It therefore is likely that the mechanism of restriction is conserved between TRIM5␣ and TRIMCyp. Indeed, the only significant difference between TRIM5␣ and the two TRIMCyps is likely to be the mechanism of recruitment to the viral capsid, by a B30.2 domain or a CypA domain, respectively. Boiling the virus before infection abrogates the production of viral DNA (Fig. 5 B and D) , indicating that the Q-PCR signal is caused by viral reverse transcription and not plasmid contamination.
Discussion
This study describes a TRIMCyp protein in Indian rhesus macaques. The protein is expressed from a single allele of the TRIM5 gene (Mamu7) by exon skipping from exon six to a CypA sequence derived from a reverse-transcribed, integrated CypA cDNA, probably generated by L1-mediated retrotransposition (Fig. 1) . Remarkably, this is the second case of fusion of a simian TRIM5 RBCC domain to CypA. In the New World owl monkey, a similar L1-mediated retrotransposition event has inserted a CypA cDNA into the seventh intron of the TRIM5 gene, leading to the expression of the owl monkey TRIMCyp. This protein strongly restricts infection by a variety of unrelated retroviruses (20) (21) (22) (23) . Importantly, the different locations of the CypA cDNA in the owl monkey and rhesus TRIM5 loci indicate that they have evolved independently (Fig. 1E) .
Despite their similarity, the two TRIMCyp proteins have distinct antiviral specificities, differentiating between viruses that have arisen from different SIV lineages, i.e., HIV-1 and HIV-2 (Fig. 2) . The Mamu7 CypA sequence differs from the rhesus CypA sequence, from which it was derived, at two positions close to the active site (D369N and R372H), which suggests that the rhesus and owl monkey proteins have been under selection pressures from different pathogenic viruses, consistent with their Old and New World origins, respectively. Such evidence for change at the site of virus recruitment is reminiscent of positive selection in the TRIM5 B30.2 domain, which also leads to differences in antiviral specificity between species (24, 34) . The observation that Mamu7 is common in Indian but not Chinese rhesus macaques is consistent with geographic variation in selection pressure on the TRIM5 locus. The fact that rhTRIMCyp does not restrict HIV-1 (Fig. 2) suggests that Mamu7 homozygous animals will be more permissive to HIV-1 replication and therefore useful in the development of a macaque animal model for HIV-1 infection. RhTRIMCyp-restricted infectivity is rescued by the competitive inhibitor of CypA binding, CSA, indicating that the factor is recruited to virions via CypA-capsid interactions. The reason for the incomplete rescue of FIV infectivity by CSA is unclear, but high concentrations of the factor in the transduced cells, or high affinity binding between rhTRIMCyp and the FIV capsid, are possible explanations. Importantly, HIV-2 is rendered insensitive to restriction by mutation of the glycineproline motif homologous to the site in HIV-1 that recruits CypA. It is surprising that rhTRIMCyp restricts HIV-2, a virus that has hitherto been thought not to recruit CypA to its capsid. However, we speculate that lentiviruses in general may recruit CypA after entering the target cell cytoplasm as evidenced by the conservation of proline-rich structures in primate lentiviral capsid sequences (6, 22) . We propose that these motifs lead to the restriction of HIV-1, SIVtan, and FIV by omTRIMCyp and FIV and HIV-2 by rhTRIMCyp (Fig. 2)  (20 -23, 33 ). The role of CypA in lentiviral infection remains unclear. It has been suggested to be involved in uncoating, but mutation of the CypA recruiting motif does not significantly reduce infectivity of, for example, HIV-1 capsid G89V in feline cells (35) or HIV-2 capsid G87A in human cells (25) . More recently, it has been suggested that CypA acts to inf luence sensitivity of retroviruses to restriction factors (6, 31, 35, 36) .
It is remarkable that the same two genes have been fused together by a process of exon shuff ling by L1-mediated retrotransposition on more than one occasion. It is unclear which property of TRIM5 makes it an attractive candidate for fusion to CypA, especially given that artificial fusion of CypA to divergent TRIMs (37) , and unrelated molecules (38 -40) can make effective restriction factors. It is also unclear which viruses might have been responsible for providing selection, but it is notable that a growing number of unrelated viruses have been shown to be inf luenced by cyclophilins, including vaccinia virus (41), hepatitis C (42), and murine cytomegalovirus (43) . If cyclophilins are commonly recruited to virion proteins, they may be particularly effective as virus binding domains for restriction factors. The attraction of the TRIM5 RBCC domain remains unclear but is presumably mechanistic. The fact that restriction by TRIM5␣ and TRIMCyp leads to a strong block to reverse transcription that is sensitive to inhibition of the proteasome (Fig. 5) (17, 18) suggests a common mechanism. We presume that restricted complexes are rapidly recruited to the proteasome, but that virus infectivity is lost, even if the restricted virus is protected from degradation by inhibition of the proteasome (17, 18) . We hypothesize that disruption of capsid rearrangement, uncoating, or trafficking causes this proteasome-independent block to infectivity.
Transposition of Alu elements and processed pseudogenes is thought to have played an important role in mammalian evolution. It is assumed that in most cases, retrotransposition and integration of cDNA sequences into the genome leads to the production of inactive pseudogenes. These sequences decay in the absence of purifying selection and usually are mutated when compared with the original cDNA sequence. Our data suggest that mammalian genomes may have sequences that appear to be pseudogenes but are in fact part of a functional gene modified by retrotransposition, as is the case with TRIMCyps. Characterization of open, and relatively intact, ''pseudogenes'' may well lead to the discovery of further examples of exon shuffling mediated by retrotransposition in mammalian genomes.
Methods
Cloning Rhesus TRIMCyp. Rhesus TRIMCyp was cloned from cDNA prepared from the LLC-MK2 Macaca mulatta rhesus kidney cell line RNA by using SuperScript (Invitrogen) according to manufacturer's instructions. PCR was performed by using primers (forward) 5Ј-GATCGAATTCATGGCTTCTGAAATCCTGCTTAATG-3Ј and (reverse) 5Ј-CAAGTTCGAATTATTTGAGTTGCCCACAGTCAGC-3Ј and pfu turbo (Stratagene). Sequences of three independent clones were determined to ensure accuracy. CDNAs encoding TRIM5 Mamu1, omTRIMCyp, rhTRIMCyp, or human TRIM34 were cloned into the LNCX2-based MLV retroviral vector pEXN (a gift from Paul Bieniasz, The Rockefeller University, New York) between the EcoR1 and Csp54I/ClaI sites (underlined) in frame with an N-terminal HA tag (23) . The MLV vectors were packaged into VSV-G pseudotyped Moloney MLV cores and expressed in permissive feline CRFK cells as described (23, 44) . Transduced CRFK cells were selected in G418 (1 mg/ml; Invitrogen), and pools of cells were used for subsequent titration experiments. The rhesus TRIMCyp sequence has GenBank accession no. EU157763.
Sequencing TRIM5 Alleles from Rhesus Monkeys (Macaca mulatta).
Exon eight was amplified by PCR from rhesus macaque genomic DNA samples (Biomedical Primate Research Centre, Rijswijk, The Netherlands) by using primers (forward) 5Ј-CTTCTGAACAAGTTTCCTCCCAG-3Ј and (reverse) 5Ј-ATGAGATGCACATGGA-CAAGAGG-3Ј. PCR products were sequenced directly. Exon eight heterozygosity was resolved by cloning PCR products and sequencing multiple clones. Sequences were analyzed by using DNADynamo (Bluetractor Software). PCR of the CypA insertion used primers (forward) 5Ј-TGACTCTGTGCTCACCAAGCTCTTG-3Ј and (reverse) 5Ј-ACCCTACTATGCAATAAAACATTAG-3Ј and GoTaq polymerase (Promega) according to manufacturer's instructions. The PCR product for the CypA insertion was sequenced directly. Viral Vectors. VSV-G protein pseudotyped retroviral vectors encoding GFP and derived from HIV-1, HIV-2, SIVmac, FIV, EIAV, or MLV were produced by triple transfection of 293T cells as described (44, 45) . Viral stocks were titrated onto cells and infected cells enumerated by fluorescence-activated cell sorting (FACS), as described in ref. 46 . Titers were determined at multiplicities of infection between 0.01 and 0.3. The HIV-2 capsid mutant G87A has been described (25) . Cyclosporine (Sandoz) was diluted in DMSO and added to cells at the time of infection, where stated, at 5 M.
Q-PCR.
Retroviral DNA synthesis by reverse transcription was measured by Taqman Q-PCR as described (27, 44) . Samples were infected with DNasetreated virus (70 units/ml; Promega) in the presence or absence of MG132 (1 g/ml; Sigma) for 6 h. Total DNA was purified (QiaAmp; Qiagen) and subjected to Taqman PCR (GFP amplicon) (27, 44) . A parallel sample was subjected to FACS to determine an infectious titer.
